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Abstract: Hydrologic regimes play a major role in determining the biotic composition, structure, attd
tion of aquatic, wetland, and riparian eco~Fstems. But human land attd water uses are substantially aRering
hydrologic regimes around the world. Improved quantitative evaluattotm ~ human4nduced hydrologic
ctsanges are needed to advance research on tloe biotic itnplicatiotts ¢~ lo,drologic alteration and to support
ecoo,stem management attd restoration plans. We ptr~pose a method for assessing the degree ,f bydrologic al-
teration aRributable to human it~aence withOt an et~;.~ystem. ~Ms method, r~femed to as the "Indicators
~Fdrologic Alteration," is based upon an anaO,sts of hydroR~ic data available either from e.x’isting measure-
merit points within an ecoo,stem (such as at stream gattges or u’el&9 or model-generated data. We use 32 pa-
rameters, organized into five groups, to statistically characterize hydrologic vacation within each year. ~ese
32 parametem provide it~mnation on ecologicalO, sign~icant features ~( su~ace and ground water regimes
it~uencing aquatic, wetland, and ~pa~an ecoo~tet~. We then a~e~ tbe.~l~ologic perturbatiom assoa-
ated with activities such as dam operations, flow divbrsion, groundwaterpumping, or intensive land-t~e con-
version ~, comparing measures of central tendenO, attd dispersion for each parameter between user,&fined
"pre-impact" and "post-impact" time frames, generating 64 btdicato~ ~ ~ydrologic Alteration. ~Ms method is
intetlded for use with other ecoo,ste~n metri~ in inventoribs r~ ecosystem integriO,, in planning eco~l,stem
management activities, attd in setting attd measuring progress toward consert,ation or restoration goals.

Un M6tro pa~ Evaluar Mte~ciones Hidrol6gicas dentro de Ecosistemas

R~umen: Los reghnenes hidrol6gicosjuegan un papel importante en la dete~ninaci6n de la composici6n de
la biota, la estmcmra y funci6n de ecosistemas acudticos htundables y rifia~os. Sin embargo, d uso de la
tiema y agua porparte del hombre estd alterando sttbstancialmente reghnenes hidrol6gicos. Se requieren me-
jores e* al~aone, cuantimtit as d~ los catnbios hMrol6gicos inducidos por el hombre para avanzar en ~ in-
vestigaa6n de l~ implicaaones de la alt¢maci6n hidrol6glca sobre ~ biota y para sopo~ar planes de manejo
y restauraci6n del ecosistema. Proponemos un mdtodo para evaluar el grado de alteraci6n hidrol6gica atd-
buible a hnpactos humanos dentro de un ecoststema. Este mdtodo, denominado Indicadores de Alteraci6n
Hidrol6gica, se basa en el attdlisis de datos hidtwld~qcos disponibles ya sea de puntos de muestreo dentro de
un ecosistema (tales como mediciones de comientes o pozos) o generados lu)r modelos. Utilizamos 32
par~tnetros o~tizados en anco gru~, para caracterizar estadisticamente la variaci6n htdtrd6gica de
cada afio. Estos 3~ par6metros propor~onan i~#~naci6n de rasgos ecol6gicamente sign~icativos de los
reghnenes de agud~’suPerficiales y subtem~neas que infl~],en en ecosistemas acudticos, inundables y ripar-
ios. Se evaluaron las perturbaciones hidrol¢~icas asociadas con actit,idades tales como operaci6n de presas,
dest,iaci6n de flujos, bombeo de agua subterrdnea o cambios end u~o httenMvo del suelo mediante la com-
paraa6n de tnedidas de Wndencia central y dis~emi6n para cada par~ntetro, entre rangos de tientpo d~ini-
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dos como "’l)re-impacto"y "post-itnpacto, " lo qtte gener6 6.t lndicadores de Alteraci6n Hidroh~gi¢zt. Se pretende
qtte este mt;toth~ sea tttHizttth~ etz conjttnto con ostros en inventarios de integridad de ecosistemas,
tt~’acR~n dr’ actit,idade$ de ttlattt~o tie ecoMstema$ yen la dt~btici6n y medict6tt de at,antes en la$ metas de

Introduction in aquatic, wetland,, and riparian ecosystems (Kusler &
Kentula 1989; National Research Council 1992; Noss &

A goal of ecosystem managsment is to sustain ecosystemCooperrider 1994; Mlan 1995), most ecosystem manage-
integrity by protecting native biodiversity and the eco- merit and restoration efforts (for example, Hesse & Mestl
logical (and evolutionary) processes that create and1993; Toth et al. 1993) have one or more shortcomings
maintain that diversity.. Faced with the complexity inher-with respect to hydrology. Management decisions gener-
ent in natural systems, achieving that goal will requireally have focused on the known or perceived hydrolo~c
that resource managers explicitly describe desired eco-requirements of only one, or at most a few, target
system structure, function, and variability; characterizeaquatic species (Reiser et al. 1989), potentially neglect-
differences between current and desired conditions; de-ing the needs of other species and ecosystem processes
fine ecologically meaningful and measurable indicatorsand functions in general. For instance, the vast majority
that can mark progress toward ecosystem managementof instream flow prescriptions and water rights have
and restoration goals (Keddy et al. 1993); and incorpo-been based solely upon the requirements of selected
rate adaptive strategies (Holling 1978) into resourcespecies of fish (Beecher 1990; Bishop.et al. 1990; Kulik
management plans. 1990; Zincone & Rulifson 19.91). The range of flows

The biotic composition, structure, anid function of needed to sustain aquatic-riparian ecosystems may be
aquatic, wetland, and riparian ecosystems dependconsiderably greater than what would be prescribed for
largely on the hydrologic regime (Gorman & Karr 1978;the aquatic system alone if the hydrologic requirements
Junk et al. 1989; Poff & Ward 1990; National Researchof riparian species also are considered (Hill et al. 1991).
Council 1992; Sparks 1992; Mitsch & Gosselink 1993).Other shortcomings include the failure to consider the
Intra-annual variation in hydrologic conditions is essen- influence of hydrologic processes on geomorphic
tial to successful life-cycle completion for many aquatic, changes, or on ecosystem functions such as material
riparian, and wetland species; variation in these condi-tcansport and cycling or food-web support, and the fail-
tions often plays a major role in the population dynam-ure to consider the full range of temporal variability in
its of these species through influences on rep~-oductive hydrologic regimes.
success, natural disturbance, and biotic competition Effective ecosystem management of aquatic, riparian,
(Poff & W:trd 1989). Modifications of hydrologic re- ¯ and wetland systems requires that existing hydrologic
gimes can indirectly alter the composition, structure, orregimes be ch.’tracterized using biologically relevant by-
function of aqttatic, riparian, and wetland ecosystemsdrologic parameters and that the degree to which hu-
through their effects on physical habitat characteristics, man-altered regimes differ from natural or preferred con-
including water temperature, oxygen content, waterditions be related to the status and trends of the biota.
chemistry, and substrate particle sizes (Stanford & WardEcosystem management efforts should be considered ex-
1979; Ward & Stanford 1983, 1989; Bain et al. 1988;periments that test the need to maintain or restore natu-
Lillehammer & Saltveit 1984; Dynesius & Nilsson 1994).ral charadteristics of the hydrologic regime in order to

Collectively, limnology research suggests that the full sustain ecosystem integrity. Unfortunately, few linmol-
range of natural intra- and inter-annual variation of hy- ogy studies have closely examined hydrologic influences
drologic regimes is necessarT to sustain the native biodi- on ecosystem integrity, in part because commonly used
versity and evolutionar3," potential of aquatic, riparian, statistical tools are poorly suited for chat-acterizing by-
and wetland ecosystems. This emerging paradigm is ex-drologic data into biologically relevant attributes. The
pressed in numerotts recent statements about the nece~lack of appropriate or robust statistical tools has in turn
sity of protecting or restoring "natural~ hydrologic re-constrained knowledge about the effects of hydrologic
gimes (National Research Council 199’9.2; Sparks 1992;alteration on ecosystem integrity. Without such knowl-
Doppelt et ai. 1993; D.vnesius & Nilsson 1994; Noss &edge, ecosystem managers will not be compelled to pro-
(;ooperridcr 1994). For example, Sparks (1992) sug-tcct or restore natural characteristics of the hydrologic
gested that cather than optimizing water regimes for oneregime.
or a fc~v species, "a better approach is to approximate We present an approach (1) to statistically character-
tile n:ltur:d flo~v regime that maintained . . . the entireize the temporal variability in hydrologic regimes using
panoply of species." hioiogically relevant statistical attributes, and (2) to

Despite the importance ofnattmd hydroh)gic variation quantify hydrologic alterations associated with pre-
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sumed pe~urbations (such as dam operations, flow di- rcl~resc’mative, n~uhi-i)aramctcr suite of hydrologic char-
version, or intensive conversion of land uses in a water-actcristics~or indicators--fi~r assessing hydrologic al-
shed) by comparing the hydrologic regimes from pre-rotation, wc rcl~r to it as the Indicators of ltydrologic AI-
impact and post-iml~aCt time f~tmes. We then illust~tterotation (If IA) method. The IHA method has fimr steps:
the apl~lication of this method with a case study from
the dam-altered Roanoke River in Noah (~trolina ~LS.A).

(1) Define the data series (e.g., stream gauge (~r well
Our intent is to make available to eeosystem managers

records) for pre- and post-imlxlCt periods in the ec~vand researchers an easily utilized analytical tool for com-
prehensively summarizing complex hydrologic variation system of interest.

with biologically relevant attributes. It is not our intent (2) Calculate values of hydrologic attributes. We calcu-
late values for each of 32 eeologically relevant hy-to describe or predict biological re~onses to hydrologic

alteration. Instead, we hope that this tool will facilitate drologic pa~tmeters (Table I ) for each year in each
data series, i.e., one set of values for the pre-impactinvestigations into the effects of hydrologic modifica-
data series and one for the post-impact data s~fies.tions on the biotic composition, stricture, and function

(3) Compute inter-annual statistics. We compute mea-
of aquatic, fipa~an, and wetland ecosystems.

sures of central tendency and dispersion for the 32
pa=meters in each data series, based on the values
calculated in step 2. ~is produces 64 inter-annual
statistics for each data series (32 measures of cen-

Me~o~ tml tendency and 32 measures of dispe~ion).

Indi~to~ of Hydrologic Mte~tion
(4) Calculate values of the I~. We compare the 64 in-

ter-annual statistics between the pre- and post-ira-

Our gene~l approach for hydrologic assessment is first pact data series, and we present each result as a

to define a series of biologically relevant hydrologic at- percentage deviation of one time period (the post-

tributes that cha~cte~ze int~-annoal variation in water impact condition) relative to the other (the pre-

conditions and then to u~ an analysis of the inter-annual impact condition). The method can be used to

va~ation in these attributes ms the foundation for com- compare the state of one system to itself over time

paring hydrologic reg~es before venus ~er a ~,stem (e.g., pre- versus post-impact as just described), or

h~ been Mtered by vafioHs human activities. Because it can be used to compare the state of one system
the proposed method results ~ the computation of a to another (e.gT, ~an ~tered ~,stem ~o a reference

Table,,, 1. Summary of hydrologic p ,arameters used in the Indicators of Hydrologic Alteration and their characteristics.

Regime
IHA statistics group characteristics Hydrologic parameters

Group 1: Magnitude of monthy water Magnitude Mean value for each calendar month
conditions Timing

Group 2: Magnitude and duration of annualMagnitude Annual minima 1-day means
extreme water conditons Duration Annual maxima 1-day means

Annual minima 3-day means
Annual maxima 3-day means
Annual minima 7-day means
Annual maxima 7-day means
Annual minima 30-day means
Annual maxima 30May means
Annual minima 90May means
Annual maxima 9(~day means

Group 3: Timing of annual extreme waterTiming Julian date of each annual 1 day maximum
conditions Julian date of each :annual 1 day nainimum

Group 4: Frequent’}, and duration of high Magnitude No. of high pulses each year
and low pulses Frequency No. of low pulses each year

Duration Mean duration of high pulses within each year
Mean duration of low pulses within each year

Group 5: Rate and frequency of water Frequency Means of all positive differences between consecutive daily means
condition changes ’ Rate of change Means of all negative differences between consecutive daily values

No. of rises
No. of falls

Con.~rvatiotl B|ology
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system) or current conditions to simulated results 1600 1942
based on models of future moditication to a system.

1400

The data we rise in estimating all attribute values are
daily mean water conditions (e.g., levels, heads, flow 1200

rates). The same computationa! smttegies will work
with any regular-interval hydrologic data, such as~ 1000

monthly means, but the sensitivity of the IHA method ~
for detecting hydrologic alteration is increasingly corn- ~

s00

tion of certain types of hydrologic impacts, such as the
~ 600

rapid flow flucttmtions associated with hydropower gen- 400
eration at dams, may require data from even shorter in-
tervals (e.g., hourly). 200

Hydrologic Attributes                                            o                 ’ ’ ’ ’ , , ,
~ ~ ~ A ~ ~ ~ ~ S 0 ~ ~

Hydrologic conditions can vary in four dimensions
within an ecosystem (three spatial dimensions and
time). If the spatial-domain is restricted to a specific
point within a hydrologic system, however, (such as a
measurement point in a river, a lake, or an aquifeO, the 16oo

1975
hydrologic regime can be defined in terms of one tem-

1400
poral and one spatial dimension: changes in water con-
ditions (e.g., levels, heads, rates) at a single location over

1200
time. Such temporal chaqg.es, in water conditions are
commonly portrayed as plots of water condition against~ t000
time, or hydrographs (Fig. I). ~ /-~

Our goal is to characterize the temporal variation of~ 800
hydrologic conditions using attributes that are biologi- ~
tally relevant yet sensitive to human influences such as~ 600
reservoir operations, ground water pumping, and agri-
ctdtural diversions. Many attributes of hydrologic re- 400
times can be used to ch:tracterize the "physical habitat
templates" (Southwood 1977, 1988: Poff & Ward 1990; zoo
Townsend & Hildrew 1994) or "environmental filters" -
(Keddy 1992) that shape the biotic composition of o

a ~ m X M ~ ~ ^ S O r~ D
aquatic, wetlatld, and riparian ecosystems. The [HA
method is based on 32 biologically relevant hydrologic Month

parameters divided into five major groups to statisticallyFigttre I. Two hydrographs for the Roanoke River at
cba~tcterize intra-annual hydrologic variation (Table 1).Roanoke Rapids in North Carolina can be character-
These 32 parameters are based upon five fundamentalized by the fit,e general featttre.; of a hydrologic re-
characteristics of bydrok)gic regimes: gime." magnitude, frequency, duration, titning, and

(1) The tnagnitttde of the xvater condition at any rate of change. These regime featttres can be altered by

given time is a measure of the av:tilability or stilt- human ittfhtences sttch as darns, as illttstrated by a

ability of habitat and defines such habitat attributes comparison of the tipper pre-dam hydrograph for

as wetted area or habitat volume, or the position of1942 tt,tth the lower post-dam hydr¢~raph for 1975

:t water table relative to wetland or riparian plant(cms = cttbic tneters per second = 35.3 15 cttbic feet

rooting zones, per second).

(2) The limittg of occurrence of particular ~vater con-
ditions can determine whether certain life-cycle re-
quirements are met or can influence the degree of to reproduction or mortality events for various
stress or mortality associated ~vith extreme water species, thereby influencing population dynamics.
~conditions such as floods or drottgh~s. (4) The duratRm of time over which .’t specific water

(3) The J’veqttenql’ of occurrence of specific water condition exists may determine whether a particu-
conditions sttcb as droughts or floods may be tied lar lil~-cycle phase can be completed or the degree

C--042994
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to wl]ich stressful effects st,oh as inundation or imposed cycles and include (l~e I-day, .~-d’ay, T-day
de,~iccation can :~ccunmlate. (weekly), 30-day (monthly), ;rod 90-day (seasonal) ex-

(5) The ra/v of c/.~a/tgv in \Valet condilions may bc tremes. For any given year, tl~e I-day ma×imum (or Inini-
tied lo the ~trancling of certain organisms along Ihc mum) is reprc’sentcd b.v the highest (or lo~w:st) single
water’s edge or in ponded depressions, or the abil- daily value occurring during the year; the multi-day max-
itv of r~hmt roots to mairRain contact with phreatic imum (or minimunO is represented by the highest (or
water supplies, lowest) multi-day ;werage value occurring during the

year. The me:m magnitude of high .’rod low water cx-
Tile 52 IHA parameters provide a detailed rcpresenta- tremes of various duration provide measures of environ-

tion of the hydrologic regime for tile purpose of assess-mental stress and disturbance during the year: con-
ing hydrologic alteration. Most important, they entail hy-versely, such extremes may be necessary precursors or
droiogic statistics commonly employed in limnologytriggers h~r the rcproductioll of certain species. The in-
studies because of their great ecological relevance (Gus-ter-annual variation (e.g., coefficient of variation)
tard 1984; Kozlowski 1984; Hughes &.lames 1989: Poffmagnitude of these extremes provides another expres-
& Ward 1989). Also. because certain streamflow level,q sion of contingency.
shape physical habitat conditions within river channels,
we also identified 52 hydrologic characteristics thatI ~,TIMING OFANNUALEX~rREM£EONDITIONS
might aid in detection of physical habitat alteration in
lotic systems. For example, changes in the central ten-Group 3 includes two parameters, one measuring tile

dency of annual maxima might suggest changes in riverJulian date of the 1-day annual minimum water condi-

morphology (Leopold 1994). tion and tile other measuring the Julian date of tile l-day
maximum water condition. Tile timing of the highestSixteen of the hydrologic characteristics focus on the
and lowest water conditions within annual cycles pro-magnitude, duration, timing, and frequency of extreme
rides another measure of environmental disturbance orevents because of the pervasive influence of extreme

forces in ecosystems (Gaines & Denny 1993) and geo-stress by describing the seasonal nature of these stresses.

morphology (Leopold 1994); the other 16 parametersKey life-c),,cle phases (e.g., reproduction) may be inti-
mately linked to the timing of annual extremes: thus hu-measure the central tendency of either the magnitude or
man-induced changes in timing may cause reproductiverate of change of water conditions. We describe the ra-

tionale underlying tile five major grouping of hydrologicfailure, stress, or mortality. The inter-annual variation in
timing of extreme events reflects environmental contin-characteristicsand the specific parameters

within each. gency.

FREQUENCY AND DURATION OF HIGH AND LOW PULSES4.
1. MAGNITUDE

The four parameters in group 4 include two that mea-This group includes 12 parameters, each of which mea-
sure the number of annual occu~ences during whichsures the central tendency (mean) of the daily water
the magnitude of the water condition exceeds an upperconditions for a given month. The monthly mean of thethreshold or remains below a lower threshold, respec-daily water conditions describes "normaF daily condi-tively, and two that measure the mean duration of suchtions for the month, and thus provides a general mea-

sure of habitat availability or suitability. The similarity ofhigh and low pulses (Fig. 2). These measures of fre-

monthly means within a ),ear reflects conditions of rela-quency and duration of high and low water conditions

tire hydrologic constancT, whereas inter-annual varia-together portray tile pulsing behavior of environmental

tion (~.g., coefficient of variation) in tile mean water ,,~ variation within a 3’ear and provide measures of the
conditi6n for a given month provides an expression ofshape of these environmental pulses. Hydrologic pulses

environmental contingency (Colweil 1974; Poff & Ward are defined here ,’is those periods within a year in which
tile daily mean water condition either rises above the1989). The terms constancj, and contingemy as used
75th percentile (high pulse) or drops below the 25thhere refer to the degree to which monthly means vary

from month to month (constancy) and tile extent to percentile (low pulse) of all daily values for the pre-

which flows vary within an}, given month (contin-. impact time period.

gency),
5. RATE AND FREQUENCY OF CHANGE IN CONDITIONS

2. MAGNITUDE AND DUIL~kTION OF ANNUAL EXTREME CONDITIONS
Tile four parameters in group .5 measure tile number

Tile I0 parameters in this group measure tile magnitude ’and mean rate of both positive and negative changes in
of extreme (minimum and maximum) annual water con- water conditions from one day to the next (Fig. 3). The
ditions of various duration, ranging from daily to sea-rate and frequency of change in water conditions can be
sonal. The durations we used follow natural or human-described in terms of the abrupmess ,’rod number of in-

C--0,42995
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Figure 2. ~e computations for I~ group 4 parame- Figure 3. ~e computatiom for IHA group 5 para+ne-
ters are of fre~uen~ and duration of high and lo+ ters are of rate and frequen~ of change in conditiom,
pu~es. High pulses are ident~ed as those p~o~ dur- illustrated by means of a hypothetical ~drograph.
ing w~ic3 water leve~ ~e above the 75th percentile of Two hydrograph r+es +~d one hydrograph fall are
all pre-impact daily flows, which is.equivalent to 258 ident~ied in the ti+ne pe~od shown, along with their
cms for the Roanoke River. Low p++~es represent drops comesponding rates of ~se and fall A single rise or fall
in water levels below the 25Ph percentile, eqz+ivalent to may l~t for multiple days and is te~ninated once the
~7 c~. hydrograph begins to fall. A~o, ~se and fall rates are

.. computed for each day within each year of r+cord
analyzed.

tin-annual c~cles of environmental variation ~d can pr~
vide a measure of the mte and frequency of intra-~nu~
environmental change.

timation of the magnitude of impacts but does not en+
~sessimg Hydrologic Mtemtion                             able strong inferences regarding the cause. We take this

simpler approach for ~o reasons. First, in m~my loca-
In assessing the impact of a pe~urbation on’ the hydr~tions, no control site may be available. Second, causal
logic regime, we want to dete~ine whether the state ofinference, although desirable, may not always be a nec-
the pe~urbed system differs si~ificantly from what
would have been in the absence of the pe~urbation. Inrotation actions to mitigate for obse~ed effects. But the
pa~icular, we want to test whether the central tendencyI~ method is robust and can be easily adapted to more-
or degree of inter-annual variation of an attribute of in-sophisticated experimental designs.
terest has been altered by the pem~rbation (Stewm- To ensure consistency in the application of the
Oaten et al. 1986). The assessment of impacts to naturalmethod, use~ should clearly identi~ the presumed
systems often poses difficult statistical problems, how-cause of the impact(s) being evaluated--for example,
ever, because the pe~urbation of interest cannot bethe impact of an upstream rese~oir or irrigation diver-
replicated or randomly assigned to experimental unitssion on streamflow, or the effects of ground water
(Huribu~ 198~: Stewa~-Oaten et al. 1986; Carpenterpumping on wetland pond levels. The time pe~od for
1989: Carpenter et al. 1989). The lack of replicationwhich hydrologic record~ exist p~or to the presumed
does not hinder estimation of the magnitude of an effectpe~urbation can be defined as pre-impact, and the pc-
but ~tther limits inferences regarding its causes. This i~fiod of record since initiation of the presumed pe~urba-
sue has received considerable attention recently, andtion can be defined as post-impact. Once pre- and post-
more sophisticated experimental designs that incorp<~impact time periods have been d~fined, the hydrologic
~tte replication over time and sampling at "control" and regimes t~om the txw~ periods can be characterized and
,impact" sites have been suggested (Stewa~-Oaten et al.compared.
1~86, 199~). A standard statistical comparison of the 3~ I~ pa~am-

W~ are fully cognizant of the replication issue, and weeters between two data seri~s includes tests of th~ null
have based the IlIA method on the simple design ofhypothesis that the cent~tl tendency or dispe~ion o~
comparing hydrologic attributes of a single site betbreeach has not changed. But this null hypodtcsis is gener-
and aRer a putative pc~ttr[+ation. This method allows c~ally t~tr less interesting in impact assessments than que+
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Figttre 4. A comparison <~ the attnual series ¢~ annttal Figure 6. A coml;arison ~ the annttal series ~ t,ahtes

ma.x’imttnt l-deO, vahtes (Group 2: ing~nitude and dtt-~)r the tinting Qltlian date) if annttal minimum

ration (~ am~ual extreme conditions)for tbe pre- and 1-d~. values (~rou~ 3: timi~g ~ am~ual extreme con-
post-impact periods on the Roanoke Rive~: Broken ditions) for the pre- and post-impact periods on the

Hnes indicate t,ahtes of the mean (dashes) and SD Roa~loke River. Dashed lines indicate t,alues ~ the
(dots) for each period, mean for each petYod.

tions about the size of detectable changes and their po- served difference is greater than some user-identified bi-
tential biological importance. Accordingly, the results of ologically significant value.
the IHA method are most usefully presented in terms of When adequate hydrologic records are available for
the magnitude of the differences in central tendency (or both the pre-impact and post-impact time "periods, appli-
dispersion) between the pre- and post-impact periods cation of the IHA method will be relatively straightfor-
(Figs. 4-7), along with confidence limits for this differ- ward by means of the statistical procedures described.
ence, rather than asp values for the null hypotheses that When pre- or post-imp.ac.t_ records are honexistent, in-
the central tendencies are the same. Hypothesis testing clude data gaps, or are inadequate in length, however,
may be valuable for specific cases in which biologically various data reconstruction or estimation procedures
relevant thresholds to hydrologic change can be identi- will be needed. Examples of such procedures include
fled. In these cases an equivalence test (McBride et al. the teclmiques for hydrologic record extension de-
1993) can be used to test the null hypothesis that the ob-

Figure 5. A compatqson of the annual series of annual Figure 7. A compadson of the annual se~es rf values
low pulse counts (~rou~ 4: frequen~ and duration (~ for annual a~erage rates of h~drograpb r~se ( Grou~ 5:
high attd Iou, pulses) ~)r tbe pre- and post-i~npact pe~- rate and frequen~ of change in conditions)for the
ods on the Roanoke, Rit, ,er. Broken Hnes h~dicate ~al- pre- and post-im~act pe~o~s on a~e Roanoke Rh~er.
ues of the mean (dashes) and SD (dots) for each pe- Broken lines indicate values of the mean (dashes) and
~od. SD (dots) for eac~ ~eriod.

Con.~rvation Biology
Volume IlL
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scribed by Searcy (1960) and Alley and Burns (t983).the standard t test (e.g., normal distribution, equal vari-
Hydrologic simulation modeling or water budgeting antes) are violated (Stewart-Oaten et al. 1992). We used
techniques can also be used to synthesize hydrologictile me:in as an estimate of central tendency and the
records for comparison by means of the IHA methodefficient of variation (CIO as an estimate of dispersion.
(Linsley et al. 1982). However, we programmed the IHA software to enable

Climatic differences between the pre- and post-impactnonparametric analysis as well.
time periods obviously have the potential to substan- For each of the 32 hydrologic parameters the differ-
tially influence the outcome of the IHA analysis. Various ences between the pre- and post-impact time periods in
statistical techniques can be used to test for climatic dit~both the mean and coefficient of variation are pre-
ferences in the hydrologic data to be compared. Whensented, expressed as both a magnitude of difference and
the IHA analysis is based upon actual hydrologic mea-a deviation-percentage (Table 2). These comparisons of
surements rather than estimates produced from models,means and coefficients of variation for each of the 32 pa-
a reference site or set of sites uninfluenced by the hu-rameters comprise the 64 different Indicators of Hydro-
man alterations being examined can be used as climaticlogic Alteration. Approximate confidence limits are also
controls (Alley & Bums 1983). For example, a streamestimated for the difference between means and CV, re-
gauge may exist upstream of a reservoir that is thoughtspectively (Table 2), using standard formulae that are ap-
to have affected a st-udy site. Analyses can establish asta-proximately valid when distributions are not normal or
tistical relationship between stream flows at the study changed (e.g., have unequal variances) between time
site and at the upstream r6ference site using synchro-periods (Snedecor & Cochran 1967; Stewart-Oaten et aI.
nous pre-dam data sets for the two sites. This relation-1992).
ship can then be used to estimate the stream flow condi- Since 1913, The U.S. Geological Survey (USGS) has
tions that would have occurred at the study site during collected daily streamflow measurements at Roanoke
the post-impact time period in the absence of the reser-Rapids on the Roanoke River. Flow values are recorded
volt. The IHA method can then be used to compare theas cubic feet per second (cfs), but all results are con-
measured post-impact conditions with estimated unaf-vetted here to cubic meters per second (cms). Dam im-
fected conditions for the same time period. Altema-pacts on the Roanoke River system began with the corn-
tively, a time series of observed impact versus controlpletion of Philpott Lake on the Smith River (in the upper
differences that spans the time of perturbation at the im-watershed) in August 1950 and were followed by con-
pact site can be used to assess hydrologic impacts (Palletstruction of Kerr Reservoir in 1950 for flood-control pur-
et al. 1992); this is the basis fist the before-:ffter-control-poses. In 1955 Roanoke Rapids Lake was built down-
impact-pairs design suggested by Stewart-Oaten et al.stream of Kerr Reservoir for "run-of-the-river" hydropower
(1986). In the absence of an appropriate control site,generation purposes. Another reservoir, Gaston Lake,
process-based hydrologic models that simulate climaticwas subsequently built between the locations of
and runoff processes or other climate analysis tech-Roanoke Rapids Lake and Kerr Reservoir, but its influ-
niques can be used to create model data sets for compar-ence on flow regimes in the lower Roanoke below
ison by means of the IHA method (Maheshwari et al. 1995).Roanoke Rapids Lake are believed to be inconsequential.

¯ The pre-impact data set has therefore been defined as
1913-1949, and the post-impact data set covers 1956-

Case Study Application 1991. Typical pre- and post-dam annual hydrographs are
presented in Fig. I.

We selected the dam-altered Roanoke River in North The IHA results for the Roanoke River are given in Ta-
Carolina to illustrate the application of the IHA method hie 2 and illustrated in Figs. 4-7. The relative differences
for assessing hydrologic alteration. Although we chose a between means ranged from -73% (annual l-day maxi-
surface water system for this case study, we emphasizemum flow) to +232% (low pulse counts) for the individ-
tile applicability of the method to analyses of ground wa- ual attributes, whereas the average absolute difference
tcr alterations as ~vell. for the five groups of hydrologic characteristics ranged

In choosing appropriate estimators of the central ten-from 15% (Group 1: monthly means) to 88% (Group 4:
dency (e.g., mean, median) and dispersion (e.g., vail-frequency and duration of ptdses). For individual at-
ante, coeilicient of vailation) of the hydrologic parame-tributes the relative difference in CV ranged from -60%
tcrs, careful consideration needs to be given to the(mean August flow) to +72% (mean April flow); the
efficiency of the estimator and to the efficiency and as-~tnge for the five groups was 26% (Group 4: frequency
sumptions of the statistical tests used to evaluate the difand dur:ttion of pulses) to 41% (Group 3: timing of ex-
ference between time periods. The mean is tile mosttreme events).
efficient estimator of ccntr:tl tendency when the under- The results of the IHA analysis for the Roanoke River
lying distribution is normal, :rod various t-like tests based reflect the effects of Kerr Reservoir operations h~r the
on the nleai1 are applicable even when assttmptions ofpurposes of flood control :rod operations tbr generation
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Table 2. ResulLs of the lndi~to~ of ll)’d~ologic Altcration analysis for Roanoke River at Roanoke ~tpids, North Qtrolina.

(m3/svO                                                    Cb~ffi’cients t~ ~

Pre-    Post-    Deviatitmh Co~ide~lt’e limits Pre-    Post-    Deviation~’ Ctmfide~ce limits
IHA group Dnl)aa iml)act m¢~qnitude/% (lou’7h(qh) #npaa impaa m¢~gnHucle/% (lou,-h(qh)

Group 1: Monthly magnitude
October 162 1(~ 4/3 -58-66 0.90 0.70 -O.17/-19 -0.36-0.02
November 156 184 28/18 - 19-75 0.56 0.60 ().()4~ -O. IO-0.17
December 225 211 -14/-6 -71-43 0.62 0.48 -O.14/-23 -O.27--0.O1
Janua~" 337 270 -67/-20 - 149-I 0.64 0.44 -0.21/-32 -0.34--0.07
Feb~a~" 350 293 -57/-16 -119-7 0.40 0.42 0.02/5 -O.0820.12
March 361 303 -58/- 16 - 139-22 0.47 0.56 0.09/19 -0.03-0.21
April 314 315 1/O -76279 0.37 0.64 O.27~2 O.15-O.39
May 222 296 74/33 4-144 0.43 0.62 0.20/46 0.07-0.32
June 184 2(M 22/12 -2-65 0.47 0.48 0.Ol/3 -O.10-0.12
July 195 156 -39/-20 -93-14 O.(~ 0.62 -0.O5/-8 -o.21-0.16
August 201 150 -51/-26 --118-15 0.97 0.39 -0.58/-60 -O.75--O.41
September 1~ 150 -17/-10 -71-37 O.~ O.4~ -0.41/-45 -0.57--0.24
G~up avengesc 15% 28%

Group 2: Ma~itude and du~tion of annual e~emes
l~y mi~mum 45 28 --17/--37 -23---11 0.39 0.20 -O.20/--50 -O.27---0.13
3May minimum 48 40 --8/-16 ’ -15-O 0.39 0.28 -O.11/-28 -O.19--O.03
7~y minimm 51 55 4~ --4-12 0.39 0.29 --0.10/-24 -O.17--O.01
3~y minimum 68 81 13/19 1-24 0.34 O.31 -0.03/-8 -O.11-O.O5
9~y minimum 116 125 9~ -- 11-28 0.40 0.30 --0.10/-25 -0.18--O.02
l~y m~mum 2209 ~2 -- 1~7/-73 -1958---1256 0.47 0.30 --O.17/--36 0.26--0.08
3~ay ma~mum ¯ 1924 581 - 1343/--70 - 1650--- 1038 0.47 0.32 -0.15/--32 -0.25--0.~
7May m~mum 1338 552 -786/-59 -1002---572 0.46’ 0.36 0.10/-22 -0.20-0.~
3~ay m~imum 633 ~77 -156/-25 -250--63 0.30 0.44 0.14/47 0.05-0.23
9~ay ma~um 423 363 -~/-14 --121-79 0.25 0.42 0.17~0 0.09-0.25
Group avengesc 21% 34%

Group 3: T~g of a~I e~remes
J~ ~te of

~um 2~.0 360.7 96.7/37 75.7-117.6 0.17 0.12 -0.05/-29 -0.08--0.02
J~ian ~te of

m~um 71.9 137.8 65.9/92 17.7-114.1 0.72 0.70 -0.78/-53 -1.05--0.51
Group avengesc 65% 41%

Group 4: Frequen~ ~d du~tion of hi~ and low pulses
Low pulse count 11.O 36.4 25.5/232 21.4-29.4 0.43 0.29 -0.13/--31 -0.22--0.05
High p~se count 15.6 22.7 7.1/45 4.1-10.1 0.28 0.34 0.06/23 -0.O1-0.14
Low pulse dmfion 7.4 3.2 -4.2/-57 --5.5--3.0 0.48 0.36 -O.12/--25 --0.22--0.02
Hi~ p~se du~tion 6.0 4.9 --1.1/--18 -2.3-0.1 0.41 O.51 0.10/24 --O.O1-0.21
Group avengesc 88% 26%

Group 5: ~te ~d frequen~ of change ~ conditions
FMI ~te -55.1 --59.6 -4.5/8 -11-2 -0.27 -O.21 O.O6/-21 O.~-0.11
~se ~te ~.0 ~.2 -29.8/-33 -39--20 0.29 0.18 -0.11/-38 -0.17--O.O5
Fall count 67.7 90.9 23.2/34 19.8-26.6 0.11 0.~ -0.03/~30 -0.~--O.O1
~ count ~.9 91.6 30.7/50 27.0-34.4 O.14 0.07 -0.O7/-50 -O.10--O.O5
Group avenges* 31% 35%

aDaily mean s~eamflou,s in cubic meters p~ second.
(’~e deviatio~ represent the lndicatom of Hyd~logic Alteration.
CGroup ar~ages are computed ~ the mean of all deviations (in absolute values) within the group.

of hydroelectric power at Roanoke Rapids Lake. An ob-every pre-dam year. Multi-day maxima are likewise af-
vious impact of flood control operations on the Roanokefected by the flood-control operations (Table 2).
is the virtual elimination of high-magnitude flooding ~ The pulsing behavior of the Roanoke River has been
(Fig. 4). Floods in excess of 8500 cms (-,~ 30,000 cubicseverely affected because both high and especially low
feet per second) occurred in only five of the post-dampulses (Fig. 5) now occur with substantially greater fre-
years, whereas floods greater than this size occurred in quency. The average duration of pulses, on the other
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hand, is much shorter in the post-dam period. This is asoutheastern coastal plain (Lynch 1991). The different
byproduct of hydropower generation, wherein water isplant species and floodplain forest communities along
stored in the reservoir until sufficient head is attained tothe Roanoke are thought to be distributed along a gradi-
generate power efficiently, at which time it is rapidly re-.ent of inundation duration (or anoxic stress). With the
leased thrnugh the dam turbines. The effect on the by-elimination of high-magnitude flooding, higher flood-
droiogic regime is to create a greater frequency of highplain surfaces are now seldom it" ever inundated, en-
and low pulses of lesser duration (Group 4: frequencyabling less flood tolerant species to become established
and duration of high and low pulses) and also to in-on lower sites, and thus lowering overall vegetation di-

._~ crease the number of hydrograph rises and falls (Groupversity. Changes in the forest could also have serious i~n-
5: rate and frequency of change in water conditions), plications for Neotropical migratory birds using this area

The magnitude and timing of the annual minima have. (Zeller 1993).
changed, with a shift from higher fall season to lower
mid-winter annual lows (Fig. 6). This probably results
from attempts to capture winter flows for later spring Using the II-IA Method
and summer use in hydropower generation.

Surprisingly, the average hydrograph rise rate (GroupDuring development of the IHA method, a longer list of
5: rate and frequency of change, Fig. 7) for the Roanokestatistical parameters was consolidated to minimize the
is reduced from the pre-dam period. Typically, areasnumber of computations and to reduce redundancy; at
downstream of hydropower dams experience steeperthe same time we retained as much sensitivity to differ-
hydrograph rises because of the rapid release of waterent forms of hydrologic alteration as possible. The 32
from the reservoir during peaking power generation.IHA parameters.appear to be robust in their ability to
The apparent reduction in rise rates on the Roanoke isquantitatively describe alterations peculiar to specific
probably due to the fact that flow releases seldom ex-human influences such as flood control. We also consid-
ceed 566 cms (20,000 cfs), which- corresponds to tur-ered aggregating the results across each of the five groups
bine capacity limits. In the pre-dam period, flows corn- of hydrologic characteristics. Users must bear in mind,
monly rose more than 1132 cms (40,000 cfs) in a singlehowever, the risk of losing information when relative
day during rainstorms.’ ’ ’ differences are averaged across parameters within IHA

Changes in the variability of the 32 I.HA parameters are groups (Surer 1993). We strongly recommend that
also evident (Table 2; Figs. 4-7). In general, variabilityresults be presented in the full scorecard format as shown
has been reduced in summer and winter monthly means,in Table 2 to retain information about the specific hydro-
in extremely low water conditions, in timing of the an- logic alterations associated with the perturbation under
nual highs and lows, in high and low pulse durations,investigation. Reporting the full suite of hydrologic parame-
and in frequency and rate of hydrograph rises and falls,ters also enables investigators to explore relationships be-
On the other hand, coefficients of variation increasedtween individual parameters and biotic responses.
for springtime monthly means and long duration (e.g., This caution about lumping hydrologic parameters
30-and 9(~day), high flow magnitudes, into IHA groups and averaging results within groups

Dam-related alterations to the Roanoke flow regime should not inhibit exploration of the relationship be-
have been blamed for the drastic reduction of stripedtween overall group averages and specific types of hu-
bass populations (Zincone & Rutifson 199 I). Higher av- man influences such as reservoir operations, groundwa-
erage streamflows in the spring months (May-June) have ter pumping, timber harvest, or urbanization. Such
been associated with less successful rates of juvenileintegrative analysis is urgently needed to enable ecosys-
bass recruitment. Aquatic invertebrates inhabiting thetem managers to better assess or anticipate the effects of
littoral zone along the river’s edge may be severely af-certain land and water uses. The sensitivity and robust-
letted by the greater frequency of hydrograph pulses,hess of individual IHA parameters and IHA groups to a
rises, and tails. Rapidly reversing cycles of wetting andwide range of human influences in different ecoregional
do’ing have been shown to dedimate littoral-zonesettings remains to be tested.
benthic fauna unable to migrate with the shifting river The U.S. Clean Water Act Amendments of 1972 (PL
edge (Armitage 198-i; Walker et al. 1992; Moog 1993). 92-500) called for the restoration and maintenance of
Such losses of benthic fauna may be subs.tantially reduc-the "chemical, physical, and biological integri~’ of the
ing the availability of prey for the Roanoke’s fishes, nation’s waters." Increased use of analytical methods

Altered flood patterns may lead to significant alter- such as the IHA will demonstrate how.far we have to go

~ ations in the composition and structure of the Roanoke’stoward restoring the physical integrity of U.S. rivers,
bottomhmd hardwood h~rest by changing the magnitudelakes, and aquifers. We anticipate that the II-I.A method
and duration of floods (Lea 1991; Richter 1993). Thiswill be used in conjtmction with other ecosystem met-
fi~rest has been her:dried as being the "highest qualityrics that evaluate more directly the biological conditions
and most extensive" bottomland hardwood fi~rest on theand ecological degradation within an ecosystem, such as
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the Index of l}iotic IntcLqrity (K:irr 1991. 19931. Other au-Software Availability and Acknowledgmel ts
thors (Karr 1991, 1995; Kedd,v et al. 1993; Minshall
I9951 have emphasized the importance of using a multi-The software program developed for colnputing IHA pa-
parameter suite of metrics to assess ecosystem integrityrameter values and deviations is available by written re-
because it is unlikely that any one metric will be suffi-quest from Smythe Scientific Software, 2060 Dartmouth,
ciently sensitive to be useful under all circun~st:mces. Boulder, CO 80303, U.S.A., or by phone at (303) 499-

As illustrated by our case study, the IlIA method is 0222. Chuck SnLvthe of Smythe Scientific Software pro-
extremely useful in d~t\ving attention to aspects of a lay-vided all computer programming of .tile IHA an:dyses.
droiogic regime .’titered by various types of lluman influ- Andrew Wilcox conducted :1 literature review of other
ences such as dams and ground water pumping. Elucida-ecosystem metrics that greatly .’tided the development of
tion of hydrologic alterations alone, however, says little this paper. Hydrologic data were accessed via the ~H,v-
about the nature or degree to which biologic patternsdroData" system distributed by Hydrosphere, Inc. In-
and processes may degrade in response to such alter-valuable reviews of this paper were provided by P. An-
ations. The tough work of interpreting and documenting germeier, G. Auble, J. Friedman, J.. Harrison, S. Johnson,
species- or community-specific responses to hydrologicJ. Karr, S. Pearsall, N. L. Poff, D. Salzer, J. Stromberg, R.
changes remains. By revealing the direction and magni-/’.Unnasch, K. Walker, R. Wigington, D. Wilber, and A.
tude of hydrologic alterations, the Ilia method will aid Wilcox, and two anonymous reviewers.
ecological researchers in formulating hypotheses about
tile hydrologic causes of various, forms of ecosystem
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